
Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

 

 

 

 

 

Interlayer interactions in 2D WS2/MoS2 heterostructure 
monolithically grown by in-situ physical vapor deposition 

Weifeng Yang,*a Hiroyo Kawai,a Michel Bosman,b,a Baoshan Tang,b Jianwei Chai,a Wei Le Tay,b Jing 
Yang,a Hwee Leng Seng,a Huili Zhu,c Hao Gong,a Hongfei Liu,a Kuan Eng Johnson Goh,a Shijie 
Wang,*a and Dongzhi Chi*a 

Understanding the interlayer interactions in vertical heterostructures of two-dimensional (2D) transition metal 

dichalcogenides (TMDCs) is essential to exploit their advanced functions for next-generation optoelectronics and 

electronics. Here we demonstrate a monolithically stacking of TMDCs heterostructures with 2D MoS2 and WS2 layers via in-

situ physical vapor deposition. We find that the kinetic sputtered atoms are able to overcome the interlayer van der Waals 

forces between the vertical layers, leading to a substantial number of randomly-oriented stacks with various twist angles. 

Our X-ray photoelectron spectroscopy results reveal a type II heterojunction for 2D WS2/MoS2, showing a band alignment 

with a conduction band offset of 0.41 eV and a valence band offset of 0.25 eV. In particular, we observed a remarkable 

interlayer coupling and associated exciton relaxation at the hetero-interface due to the misoriented stacks. By analyzing 

the band structures and charge densities of the vertical stacks using first-principles calculations, we reveal that the 

interlayer coupling is a function of interlayer distance and is relatively insensitive to the angle of misoriention.

1. Introduction 

Van der Waals stacked heterostructures1-6 based on two-

dimensional (2D) transition metal dichalcogenides (TMDCs) have 

recently attracted much interest due to their wide applications in 

next-generation transistors,7-9 optical sensors,10-12 light-emitting 

diodes,13,14 photovoltaics,15,16 and catalysts.17,18 The unique 

electronic and optical properties of TMDCs such as MoS2 and WS2 

overcome some of the fundamental challenges posed by graphene-

based heterostructures.19-22 They offer many advanced 

functionalities such as a tunable optical band gap, enhanced photon 

absorption, significant exciton creation and ultrafast and high-

efficiency charge transfer due to their distinctive light-matter 

interaction.23-27 Recently, a lot of effort has gone into understanding 

the conversion process of excitons and the interlayer coupling at 

the hetero-interfaces of 2D heterostructures.9,28-32 Most studies 

employ mechanical exfoliation or chemical vapor deposition (CVD), 

sequentially followed by manual transfer methods and a post-

stacking anneal, to prepare the layered 2D heterostructures. The 

main disadvantage of such transfer methods33 is that it brings about 

unavoidable interfacial contamination consisting of organic 

residuals, water molecules, etc. Previous experimental and 

theoretical studies26,28,29,31,32 revealed that the interlayer interaction 

is very sensitive to the vertical lattice alignment between adjacent 

TMDCs layers and this interaction is distorted by the presence of 

foreign substance or variations in the distance between adjacent 

TMDCs layers. It has been shown that it is possible for distortions or 

gaps in the order of an atomic length to be able to weaken or even 

decouple the interlayer interactions in 2D heterostructures. Though 

a post-annealing treatment may remove adsorbates, the treatment 

conditions such as annealing temperature and time, significantly 

influence the resultant interlayer coupling and exciton transitions.31 

Moreover, it is possible that the annealing process can result in a 

chemical reaction between adjacent layers and further generate 

unintended TMDC alloys as they are thermodynamically 

preferred,15 making the interlayer interaction complicated. 

Therefore, to date, the understanding of interlayer interactions in 

2D heterostructures, including exciton relaxation and interlayer 
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coupling, is still theoretically controversial34-37 and experimentally 

inconsistent.9,28-32 However, an understanding of interlayer 

interactions in the TMDCs-based heterojunctions alone is not 

sufficient for practical applications. The patterning as well as wafer-

scale growth of vertical TMDCs-based heterostructures is also 

crucial. Most studies so far suffer from the fact that the 

conventional approaches to obtain triangle/nanoflakes TMDCs 

heterostructures are constrained by their low productivity, small 

area, impurity, uncontrolled and irregular sample homogeneity. 

Therefore, an in-situ growth strategy for vertically stacked 2D 

TMDCs heterostructures is highly desirable as it could provide a 

new platform for a better understanding of their interlayer 

interactions as well as tailor their electronic and optical properties 

for wafer-scale integration. 

      Based on our previous research on wafer-scale TMDCs 

growth,38-40 here we demonstrate such an in-situ growth strategy 

for large-area 2D WS2/MoS2 heterostructures via a one-step 

reactive sputtering method. Reactive sputtering deposition, which 

is a type of physical vapor deposition (PVD), offers many 

advantages such as selective and large-area growth, high growth 

rate and low cost. In particular, the PVD-grown 2D WS2/MoS2 

heterojunction exhibits a substantial fraction of twisted stacks, 

leading to an interesting interlayer coupling and exciton relaxation 

at the hetero-interface.  

2. Experimental 

2.1 PVD growth of 2D WS2/MoS2 Heterostructures 

In a typical procedure, the stacked WS2/MoS2 heterostructures 

were sequentially deposited by sputtering Mo and W metal targets 

in sulfur ambient by a home-built magnetron sputtering system. 

The base pressure was 3×10-7 mbar and the Ar/S pressure was 

maintained at 2.4×10-4 mbar during the deposition process. The 

temperature of fused quartz and 100-nm SiO2-on-Si substrates was 

kept at 750 ˚C and the DC power was kept as low as 8 W in order to 

reduce kinetic energy of the ejected atoms. Prior to the growth, the 

substrates were sonicated in acetone, isopropyl alcohol (IPA) and 

deionized (DI) water in sequence for 10 min each before drying with 

N2 gas. After loading into the process chamber, the substrates were 

heated to 300 ˚C to remove the residuals like sulfur and water. 

Additionally, the metal targets were pre-sputtered for 15 min to 

remove any contaminants on their surface.  

2.2 Characterization 

 Absorption spectra were measured on a SHIMADZU UV-3600 UV-

Vis-NIR spectrophotometer. The Raman spectra were measured by a 

Thermo Scientific DXR microscope with a 514 nm laser. The 

photoluminescence (PL) spectra were collected at room temperature 

using a PSTM system with a 532 nm excitation laser. High-resolution 

X-ray photoelectron spectroscopy (XPS) measurements were carried 

out using a VGS Theta probe system equipped with an Al Kα source 

at pass energy of 40 eV. High-resolution scanning transmission 

electron microscopy (STEM) images were taken from samples grown 

on 10 nm thick SiO2 support membranes (TEMwindows.com), using 

the high-angle, annular dark field technique in an aberration 

corrected STEM operating at an acceleration voltage of 200 kV (JEOL 

ARM200CF). Beam-induced sample damage was minimized by taking 

only single-scan images in previously unexposed areas. The chemical 

elements mapping was conducted by a TOF-SIMS IV from IONTOF 

GmbH system with a low energy electron gun (Bi gun current of 0.6 

pA) for charge compensation. 

2.3 Calculation methods 

 The geometry of the WS2/MoS2 heterostructures with different 

stacking angles were optimized using DFT with Perdew-Burke-

Ernzerhof (PBE) functional with the D3 method (for van der Waals 

interaction) as implemented in the Vienna ab initio Simulation 

Package (VASP).41-45 A cut-off energy of 400 eV and a vacuum 

thickness of 20 Å were used. Stacking angles (0°, 13°, 22°, 38°, 47°, 

and 60°) were chosen so that the orientations of the two layers are 

commensurate to each other. Different supercells were used 

depending on the stacking angle to allow for the periodicity in lateral 

directions. The Γ-centered k-point mesh of 4×4×1 was used for 0°, 

22°, 38°, and 60° stacking angles and 2×2×1 was used for 13° and 47° 

stacking angles. The structures were optimized until the force on 

each atom was less than 0.005 eV/Å. The band structures were 

calculated with PBE functional with spin-orbit coupling, and the 

charge density map for each structure was calculated at valence 

band edge at Γ point. 

3. Results and discussion 

3.1 Optical properties of vertical WS2/MoS2 stacks 

Fig. 1a schematically illustrates our experimental setup for 2D 

TMDCs growth by sequentially sputtering Mo and W metal targets 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

in a sulfur ambient chamber. We prepared large-area monolayer 

MoS2, WS2, and WS2/MoS2 (i.e., WS2 on MoS2) vertical 

heterostructure on both SiO2/Si and transparent fused quartz 

substrates. Fig. 1b-d present the monolayer MoS2, WS2, and 

WS2/MoS2 heterostructure with intrinsic optical properties. The 

optical images show that the MoS2, WS2 as well as the WS2/MoS2 

heterostructure are uniform over their respective selectively grown 

regions with clearly distinguishable boundaries (inset of Fig. 1b). As 

shown in Fig. 1b, we observed that each layer of WS2 and MoS2 

independently contributes to the overall absorption in the 

WS2/MoS2 heterostructure. The exciton peaks labeled as A and B 

from MoS2 (only one peak A in WS2) originate from the transitions 

between the conduction and valence bands at the K point of the 

Brillouin zone.46,47 It is interesting to see that the WS2/MoS2 

heterostructure shows substantially higher absorption in the range 

of 1.6-2.4 eV (close to the intrinsic band gaps of WS2 and MoS2) as 

compared to the sum of the absorption of its constituents (labeled 

as WS2 + MoS2). The observation of the enhanced absorption in the 

WS2/MoS2 heterostructure is consistent with a previous report on 

WSe2/WS2 heterostructure due to the interlayer transition.30 We 

also carried out PL measurements at room temperature to 

investigate the exciton transitions within the vertical stacks. As 

shown in Fig. 1c, the PL spectra measured from individual MoS2 and 

WS2 monolayers exhibit a strong exciton emission peaks at 1.89 eV 

and 2.03 eV respectively, indicating the typical characteristics of 

high-quality monolayer MoS2 and WS2.48,49 Meanwhile, a broad 

peak at 1.88 eV is observed from the heterostructure and the peak 

energy is very close to that of monolayer MoS2. However, its peak 

intensity was significantly suppressed by one order of magnitude as 

compared to that of monolayer MoS2. Note that the 

heterostructure emission at the higher photon energies, i.e., 

radiative recombination from WS2, might be too weak to be 

resolved because these photon energies are very close to the 

excitation source of a 532 nm laser (~2.3 eV). It has been well 

established that the fast and high-efficiency photo-induced 

electron-hole separation into adjacent layers of a heterostructure 

significantly reduces the chance of excitons recombination within 

their constituents,10,24 which is closely linked to the band alignment 

of the heterostructure. A detailed interpretation on this 

phenomenon will be discussed in the following sections on band 

alignment and first-principles calculations.  

We also observe that each layer of WS2 and MoS2 

independently contributes to the overall Raman signal from the 

heterostructure, as shown in Fig. 1d. In contrast to the stacked 

heterostructure of horizontally oriented WS2 and MoS2 grown from 

metal seed layers,50 the out-of-plane vibrations (𝐴1𝑔  peaks) of MoS2 

and WS2 from our PVD-grown heterostructure were clearly 

resolved. To further illustrate the lattice dynamics of the 

heterostructure, the Raman spectra of individual MoS2 and WS2 

bilayers are presented in Fig. 1e,f for easier comparison. First, the 

Raman frequencies of the in-plane (𝐸2𝑔
1 ) and out-of-plane (𝐴1𝑔) 

modes of MoS2 and WS2 in the heterostructure increase slightly in 

comparison to the individual monolayers (Fig. 1e). However, they 

are almost the same as those of their individual bilayers. This 

Raman feature difference in the WS2/MoS2 heterostructure from its 

counterpart is consistent with previous reports on the CVD-grown 

WS2/MoS2 heterostructures.9,10 Secondly, the 𝐴1𝑔-to-𝐸2𝑔
1  intensity 

ratio of WS2 in the heterostructure significantly increased up to 3-

fold in comparison to that of WS2 single layer (Fig. 1f), implying an 

apparent phonon coupling at the hetero-interface. To investigate 

the influence of the coupling caused by SiO2/Si substrates, we have 

further prepared a reverse 2D stack, i.e., MoS2/WS2 with the 

monolayer MoS2 on top. Still, similar results were observed in the 

inverted WS2/MoS2 heterostructure, such as the slight vibration 

differential and increase in the intensity ratio of two bands (Fig. S1, 

Supporting Information), indicating that there is negligible 

difference in the interaction between the WS2 or MoS2 layers with 

the SiO2/Si substrate.  

Elemental mapping was performed by secondary ion mass 

spectroscopy (SIMS) to confirm the patterned WS2/MoS2 stacks (Fig. 

2a). SIMS chemical mapping, a technique with very high detection 

sensitivity, allows it to detect the elemental distribution in the 

atomically thin 2D stacks. Fig. 2b shows a light microscope image of 

the patterned WS2/MoS2 and Fig. 2c shows its atomic force 

microscopy (AFM) image with corresponding height profile of 

monolayer WS2 on the top. Fig. 2d-f show the spatial mapping of W, 

Mo, and S in a square patterned region. A uniform distribution of W 

across the pattern is clearly seen, implying a uniform atomically thin 

WS2 layer on the top. Meanwhile, the mapping intensity of Mo from 

the MoS2 bottom layer is uniform across the pattern, outside the 

pattern it is higher. This implies that the individual MoS2 and WS2 

layers are vertical and continuous, rather than separate islands of 
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MoS2 and WS2 in the same single layer. A continuous MoS2 layer 

with atomic flatness is critical for the following growth of WS2 and 

thus the formation of the vertical WS2/MoS2 2D heterostructure. 

The high quality monolayer TMDCs with a continuous and smooth 

surface have been further verified by AFM and STEM (Fig. S2 and 

S3, Supporting Information).  

3.2 Band offsets measured by XPS 

         In order to elucidate the electronic structure of the stacked 

layers and further understand the exciton transitions at the 

interface, we performed XPS for monolayer MoS2, WS2 and for the 

WS2/MoS2 heterostructure. Note that all the peaks are calibrated by 

shifting the C 1s peak to 285.0 eV, to remove any charging effect 

caused by the insulating SiO2/Si substrates. As shown in Fig. 3a-c, 

the XPS peaks at 230.2, 233.3, 33.4, 35.5, 163.1 and 164.3 eV in 

individual MoS2 and WS2 are attributed to the Mo 3d5/2, Mo 3d3/2, 

W 4f7/2, W 4f5/2, S 2p3/2, and S 2p1/2 peaks respectively. The high 

quality of TMDCs films was further confirmed by XPS as they show 

comparable spectral feature to that of bulk single crystal with low 

level of defects (Fig. S4, Supporting Information). Furthermore, it is 

interesting to see that there is an obvious peak shift toward a lower 

binding energy for all Mo 3d, W 4f and S 2p core levels of the 

heterostructure when compared with their single layer 

counterparts. Peak shifts of 300 meV, 100 meV and 200 meV in 

binding energy are observed for the Mo 3d, W 4f and S 2p core 

levels, respectively. This means that both MoS2 and WS2 have a 

negative net charge within the heterostructure which is ascribed to 

the combined effects of the intrinsically n-type TMDCs and the 

contact potential caused by the Fermi level difference between 

MoS2 and WS2 single layers.32  

         To further shed light on the band structure, we obtained the 

XPS valance band spectra from the bottom layer MoS2 and the 

WS2/MoS2 heterostructure and the results are illustrated in Fig. 

3d,e. Previously, Robertson et al.51,52 developed a method to obtain 

the band offsets at the interface of heterojunctions using classic 

charge neutrality level (CNL) theory. Based on this practical method 

via XPS measurements,40,53,54 the valence band offset (VBO) in our 

PVD-grown WS2/MoS2 is calculated to be 1.60 eV-1.35 eV=0.25 eV. 

Meanwhile, according to the PL peaks of monolayer MoS2 and WS2, 

the optical bandgaps of monolayer MoS2 and WS2 are identified as 

1.87 eV and 2.03 eV respectively. Hence, the conduction band 

offset (CBO) can be calculated to be 0.41 eV. The values of the VBO 

and CBO of WS2/MoS2 heterostructure determined by our 

experimental XPS are in good agreement to those of previously 

calculated results.55,56 Furthermore, assuming that the valence band 

maximum (VBM) of monolayer MoS2 locates at -5.95 eV from the 

vacuum level according to the work by Robertson et al.,55 the band 

structure of the MoS2/WS2 heterojunction with alignment is finally 

determined in Fig. 3f for further understanding of excitons 

relaxation and the coupling within interlayers. As expected, the 

monolayer WS2/MoS2 heterostructure is a type II heterojunction 

with the conduction band minimum (CBM) localized to MoS2 and 

the VBM to WS2. This is also supported by the theoretical 

calculations presented below. In this light, the relaxation of excitons 

at the hetero-interface is expected to be due to the band offset 

between the MoS2 and WS2 monolayers. This exciton relaxation at 

the hetero-interface significantly contributes to the reduction in PL 

emissions. Hong et al.24 previously revealed the presence of 

ultrafast hole transfers from the MoS2 layer to WS2 layer under 

laser excitation, i.e. within 50 fs, in the MoS2/WS2 heterostructure. 

Such ultrafast exciton transfer in 2D heterostructures enables the 

excited electrons to accumulate preferentially in the MoS2 

conduction band while the holes transfer to the WS2 valence band 

at the interface. The observed suppression of PL emission from the 

WS2/MoS2 heterostructure in Fig. 1c is therefore due to significantly 

reduced direct radiative recombination. While a suppressed PL 

emission in a type II heterojunction is not ideal for light-emitting 

diodes, the enhanced absorption and exciton relaxation may 

facilitate efficient carrier separation at the hetero-interface for light 

harvesting and detecting applications such as optical sensors, 

photocatalytics, photovoltaics, etc.24  

3.3 Interlayer orientation-induced band structure calculation 

       Although the sputtering power was reduced as much as 

possible, the ejected atoms still possess a certain degree of kinetic 

energy that could overcome the interlayer van der Waals forces. As 

a result, the lattice alignment across the interface of the vertical 2D 

heterostructure may be disordered. Stacked layers of monolayer 

WS2 and MoS2 with and without misorientation is schematically 

shown in Fig. 4a, where the first Brillourin zones of monolayer MoS2 

and WS2 are vertically stacked. It has been well established that the 

misoriented 2D stacks exhibit moiré patterns when they are viewed 

from the top.28,41 In this example, we randomly selected two 

sample areas and performed high-angle annular dark-field (HAADF) 
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STEM imaging to investigate the misorientation in the PVD-grown 

stacks. Local Fourier transforms were taken from the HAADF 

images, and the angles between the layers was calculated as shown 

in the insets. Note that an average of three measured angles is 

calculated in each Fourier transform, to average-out possible 

sample drift that may have occurred during the HAADF acquisition. 

As illustrated in the right of Fig. 4b, it can be clearly seen that the 

misoriented stacks with two typical twisted angels of 24.5˚and 30˚ 

are identified in the marked areas through the fast Fourier 

transform (FFT) patterns. From other HAADF images, again different 

twisted angles are measured, showing a broad range of possible 

orientations between the PVD-grown stacks. The lattice strain 

between two vertical layers is negligible as MoS2 and WS2 crystals 

have the same hexagonal symmetry with almost the same lattice 

constants. Thus, the observed moiré patterns originate from the 

rotational misorientation of the stacks rather than the lattice 

mismatch between the two layers. Here we observed substantial 

moiré patterns from vertical WS2/MoS2 heterostructure lattice by 

STEM imaging, providing direct evidence of rotationally misoriented 

stacks in atomically thin WS2/MoS2 heterostructures.  

        To reveal the effect of stacking angles on the interlayer 

coupling and the electronic properties, we calculated the band 

structures and partial charge densities of the monolayer WS2/MoS2 

heterostructure with 0˚ (3R), 13˚, 22˚, 38˚, 47˚, and 60˚ (2H) 

stacking angles using first-principles calculations, and the results are 

shown in Fig. 4c-f. In the oriented 2H configuration, in which the W 

atoms (S atoms) from the top WS2 layer locate above the S atoms 

(Mo atoms) in the bottom MoS2 layer, has the shortest interlayer 

distance and the lowest calculated indirect (K-Γ) band gap (see 

detailed values in Table S1, Supporting Information). In the 3R 

configuration, in which the W atoms (S atoms) from the top WS2 

layer locate above the S atoms (the center of the hexagon) in the 

bottom MoS2 layer, has an indirect band gap and an interlayer 

distance comparable to those of 2H configuration. For the 

misoriented configurations with the stacking angles of 13°, 22°, 38°, 

and 47° (0° < θ < 60°), their calculated direct (K-K) band gaps are 

comparable to that of 2H structure, while their indirect (K-Γ) band 

gaps are larger than that of 2H structure by ~80 meV due to the 

decrease in VBM at Γ. In addition, the interlayer distances for all the 

misoriented configurations (0° < θ < 60°) are larger than the 2H 

structure by about 0.24 Å due to the repulsion from steric effects. 

The evolution of the band gap with the twist angle matches well 

with the trend in the interlayer distance (Fig. 4c), suggesting that 

the interlayer coupling is largely determined by the interlayer 

distance, rather than the twist angles, which is similar to the trend 

observed in reported misoriented MoS2 bilayer.57 The structural 

energy calculations showed that 2H is the most stable structure 

with the lowest ground-state energy, while the misoriented 

configurations (0° < θ < 60°) are less stable compared to the 2H 

(60°) structure by ~35 meV (Fig. S5 and Table S1, Supporting 

Information).  

      The VBM and CBM at the K point is contributed mainly by the 

WS2 and MoS2 layer, respectively, for all the configurations, while 

the VBM at the Γ point has contribution from both MoS2 and WS2 

layers (Fig. 4d and Fig. S6 for the close-ups). This observation 

indicates that a remarkable orbital mixing occurs at the Γ point due 

to the strong interlayer coupling, while a negligible interlayer 

coupling occurs at the K point. This is expected because the VBM at 

the K point is mainly contributed by the metal d orbitals, while the 

VBM at the Γ point includes substantial contribution from pz orbitals 

of S atoms in addition to the metal d orbitals. There exists a 

significant amount of interlayer coupling between the pz orbitals of 

the neighboring S atoms in the different planes compared to the 

interlayer coupling of the d orbitals in the metal planes that are 

largely separated. This is also apparent in the band-decomposed 

partial charge density maps (Fig. 4f), where the charge density at 

VBM at Γ point is almost equally distributed between the two 

layers. Although the increase in interlayer distance and the shift in 

VBM at Γ point indicate a weaker coupling of the two layers for 

misoriented configurations (0° < θ < 60°), the projected band 

structures and the partial charge density maps at Γ still show strong 

orbital mixing similar to that of the oriented stacks, and regardless 

of the twist angles, the band gap is indirect with CBM at the K point 

and VBM at the Γ point. Indirect band gaps for all the configurations 

also explain why the PL peak intensity of the heterostructure was 

significantly suppressed (Fig. 1c), i.e. the radiative recombination in 

indirect band gap heterostructures is greatly reduced due to the 

phonon-involved exciton transition. Besides, the relaxation of 

excitons at the hetero-interface contributed to the suppressed PL 

emission as the type II heterojunction for monolayer WS2/MoS2 was 

confirmed by the above-mentioned XPS measurements and our DFT 

calculations (Fig. S7, Supporting Information). 

         To further investigate the evolution of the interlayer coupling 

strength and the electronic properties with the interlayer distance, 
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we calculated the band structures of 2H configuration with various 

interlayer distances. Fig. 5 shows the band structure of a WS2/MoS2 

heterostructure in 2H configuration with an equilibrium interlayer 

distance (6.20 Å, denoted as +0.0 Å) compared with the band 

structures with artificially increased interlayer distance up to +2.0 Å 

(denoted as +2.0 Å). As mentioned above, almost equal orbital 

contribution at the VBM at Γ point from the two layers was 

observed in the equilibrium 2H configuration, indicating a strong 

interlayer coupling (Fig. 5a). However, the interlayer coupling 

becomes weaker with the increase of the interlayer distance (Fig. 

5b-e) due to the decreased orbital mixing at Γ point. The two layers 

are nearly decoupled by shifting the second layer vertically by 2 Å, 

where the VBM and the band below VBM around Γ point are mainly 

contributed from the WS2 layer and MoS2 layer, respectively. The 

charge density map also shows that the charge is localized at WS2 

layer for the VBM state (inset of Fig. 5), and the charge is localized 

at the MoS2 layer for the state below VBM (not shown), similar to 

the charge density map of the individual monolayers. As mentioned 

above, the VBM and CBM at the Γ and K points have different 

orbital characters and therefore show very different evolution with 

the interlayer distance. The evolution of the band gap with the 

interlayer distance is summarized in Figure 5f (see detailed values in 

Table S1, Supporting Information). Because of the increase in the Γ-

K band gap, its feature switches from indirect to direct (K-K) when 

the distance is increased by +0.5 Å, approaching the band 

structures of individual WS2 and MoS2 monolayers. Meanwhile, the 

band gap is still indirect when the interlayer distance of the 2H 

structure is increased by +0.24 Å, which is the interlayer distance of 

misoriented configurations. The fact that the K-K and Γ-K band gaps 

for misoriented configurations are comparable to the values for 2H 

configuration with the same interlayer distance confirms that the 

interlayer coupling is mainly determined by the interlayer distance 

and is relatively insensitive to the twist angle.  

3. Conclusions 

In summary, we report a wafer-scale and patterned growth 

strategy for vertical stacks of 2D TMDCs heterostructure via a 

reactive sputtering method. Our XPS results reveal a type II 

heterojunction with 2D WS2/MoS2, showing a band alignment 

with a VBO of 0.25 eV and a CBO of 0.41 eV. Furthermore, we 

find that the kinetic sputtered atoms are able to overcome the 

interlayer van der Waals forces between the MoS2 and WS2 

layers, leading to a substantial number of randomly-oriented 

stacks with various twist angles. As a result, we observed a 

remarkable interlayer coupling and associated exciton 

relaxation at the hetero-interface. Using first-principles 

calculations, we investigate the evolution of interlayer 

coupling with the twist angle and the interlayer distance in 

atomically thin WS2/MoS2 heterostructures. We reveal that the 

interlayer distance originating from steric effects plays a key 

role in tuning the interlayer coupling and thus the band 

structure of the stacking layers. The interlayer coupling in the 

atomically thin heterostructure exhibits a strong interlayer 

coupling at the Γ point, while a negligible interlayer coupling 

was observed at the K point. The interlayer coupling at the Γ 

point becomes weaker with the increase of the interlayer 

distance, resulting in a switching feature of indirect to direct 

band gap at large interlayer distance. However, the interlayer 

decoupling of WS2/MoS2 heterostructures due to the 

misoriented stacking is not significant enough to cause this 

switching of indirect to direct band gap. 
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Fig. 1 Intrinsic optical properties of wafer-scale WS2/MoS2 stacks. (a) Schematic illustration of the one-step reactive sputtering process. 

Argon and sulfur gases flow into the chamber via individual mass flow controllers (MFCs). Blue, Ar atom; Red, Mo or W atom; yellow, S 

atom. (b) Absorption spectra of monolayer (ML) MoS2 (black), WS2 (red), WS2+MoS2 (yellow dots) and WS2/MoS2 heterostructure (blue). 

The exciton peaks labeled as black A and B for MoS2 and red A for WS2 are indicated. The inset is a photograph of transparent fused quartz 

locally covered with either a monolayer MoS2, WS2 or a WS2/MoS2 heterostructure. The upper left part shows the bare quartz substrate for 

comparison. (c) Photoluminescence of monolayer MoS2, WS2 and WS2/MoS2 heterostructure. The normalized PL spectra are shown in the 

inset. (d) Raman spectra of monolayer MoS2, WS2 and of the WS2/MoS2 heterostructure. The frequency differentials (Δκ) between the out-

of-plane (𝐴1𝑔) and in-plane (𝐸2𝑔
1 ) modes show a slight increase in the heterostructure, where the dashed lines are a guide for the eyes. (e,f) 

Raman differentials and intensity ratios of the out-of-plane and in-plane modes for monolayer (ML) MoS2, WS2 and for the WS2/MoS2 

heterostructure. The Raman measurement from their bilayers is also given for comparison. 
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Fig. 2 Patterned monolayer WS2/MoS2 heterostructure. (a) Schematic structure of WS2/MoS2 stacked layers on SiO2/Si substrate, showing 

the patterned WS2 layer on the top. (b) Microscopy image of patterned WS2/MoS2 stacked layers. Scale bar, 200 µm. (c) AFM image of the 

heterostructure, where the line profile shows the height of monolayer WS2. Scale bar, 1 µm. (d-f) TOF-SIMS elemental maps taken from the 

marked area in b, showing the distribution of W, Mo, and S in the WS2/MoS2 heterostructure. Scale bar, 100 µm. 
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Fig. 3 Binding energy and band alignment of WS2/MoS2 stacked layers. (a-c) XPS spectra of Mo 3d, W 4f and S 2p core levels from 

monolayer MoS2, WS2 and from the MoS2/WS2 heterostructure respectively, all showing the obvious shifts to lower binding energy for the 

heterostructure. (d,e) XPS valence band spectra of only the bottom monolayer MoS2 layer and of the WS2/MoS2 heterostructure. (f) 

Schematic of the band offsets of the monolayer WS2/MoS2 heterostructure, showing a type II heterojunction.
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Fig. 4 Rotational crystal and band structure calculations of WS2/MoS2 with typical twist angles. (a) Overlap view of Brillourin zones: 

oriented stacks and misoriented stacks. The denoted angles represent the twist angles between the vertical stacks. (b) Plan view STEM 

images and FFT patterns showing areas with various twist angles, where two typical angels of 24.5˚ and 30˚ are identified from area I and II, 

respectively. (c-f) Calculated band structure, bandgap and the interlayer distance, the corresponding atomic structure (tow view) and 

partial charge density (VBM at Γ point) of WS2/MoS2 heterostructure with various twist angles. The insets of (c) are schematics of the 

heterostructures with different configurations (side view). The size of black “×” and red “o” correspond to the contribution of Mo and W, 

respectively. Green, pink, and orange balls correspond to Mo, W, and S atoms, respectively.  
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Fig. 5 Band structure calculations of WS2/MoS2 2H heterostructure with increased interlayer distance. (a-e) Band structures of WS2/MoS2 

2H heterostructure with an equilibrium interlayer distance of 6.20 Å (set as +0.0 Å) and with WS2 layer shifted up by 0.5~2.0 Å. Note that 

the smaller unit cell (1×1) instead of a large supercell was used in this case since the stacking angle was fixed at 60° (2H). The size of the 

black “×” and red “o” correspond to the contribution of Mo and W, respectively. The insets are their partial charge density maps. (f) The 

band gap as a function of the interlayer distance, showing a clear transition from indirect to direct with the distance increases by +0.5 Å. 

 

 

 

 

 

 

 

 


